The potential benefit of continuous local administration of antiangiogenic proteins to CNS tumors in vivo has recently been demonstrated using endostatin-producing recombinant cells encapsulated in alginate beads. Due to the treatment potential of transplanted alginate-encapsulated cells producing therapeutic proteins, we describe a successful method of cryopreservation (CP) of such beads, in which cellular viability, alginate structure, and protein secretion were maintained. Alginate beads containing human embryonic kidney cells (HEK 293 cells) stably transfected with the gene encoding for endostatin were cryopreserved in dimethyl sulfoxide (DMSO) using a slow freezing procedure. Briefly, the DMSO concentration was gradually increased prior to the freezing procedure. The cryotubes were further supercooled to −7.5°C and nucleated. Thereafter, the samples were cooled at a rate of 0.25°C/min and stored in liquid nitrogen. The viability of the encapsulated cells was assessed using confocal microscopy quantification (CLSM) technique and a MTS assay. The cell cycle distribution inside the beads was assessed by DNA flow cytometry and endostatin production was determined by an endostatin-specific ELISA assay, both prior to and after CP. CLSM measurements showed sustained esterase activity in the beads after thawing, with only a slight transient decrease 24 h after CP. The MTS assay verified these findings by displaying similar variations of intracellular dehydrogenase activity. Flow cytometric analyses revealed no cryorelated disturbances in cellular ploidy. Furthermore, ELISA measurements showed a well-preserved endostatin production after CP. In conclusion, this work describes the successful CP of alginate-encapsulated recombinant cells secreting a therapeutic protein. Together with previous published reports, these results further substantiate the feasibility and potential of cell encapsulation therapy in the treatment of malignant tumors.
INTRODUCTION
divalent cations by cross-linking the carboxyl groups of the G-units. The alginate gel in the microcapsules serves as a semipermeable barrier between the host immune Alginate encapsulation of recombinant cells producing therapeutic proteins represents a novel strategy for system and the encapsulated cells. At the same time, the alginate membrane permits the influx of small nutrient local and sustained delivery of endogenous angiogenesis inhibitors in vivo. The feasibility of this approach has re-molecules such as oxygen and glucose from the environment and the efflux of therapeutic proteins. Hence, the cently been displayed in ectopic and orthotopic experimental brain tumors with endostatin-producing cells (6, encapsulation of producer cells in alginate results in the formation of small immunoprivileged "bioreactors" that 26, 29) . Cell encapsulation represent a potential treatment alternative for several other diseases including diabetes allow continuous production and secretion of recombinant proteins with a therapeutic potential. (19) , hypoparathyroidism (12), and Parkinson's disease (37) , as well as other neurodegenerative diseases (20, 28) .
Despite an increasing number of preclinical studies in which cell encapsulation therapy has been applied, Alginate, a polysaccharide from seaweed, consists of alternating sequences of mannuronic (M) and guluronic only a few have focused on variables that may influence the functional performance of the encapsulated producer (G) acid, which form a porous gel in the presence of cells (5, 7, 33) . For the treatment of brain tumor, it is of diameters were 620 ± 55 µm for homogeneous and 600 ± 50 µm for inhomogeneous beads. The homogeneous major importance to optimize efficiency of the bioreactors to minimize the postoperative volume burden of the and inhomogeneous beads were gelled for 5 and 2 min, respectively, and then washed twice in HBSS and once microcapsules. The feasibility of an effective cryopreservation (CP) technique is thus an essential aspect for in DMEM, before transferring them to 175-cm 2 culture flasks in 100 ml of their appropriate growth medium. the use of cell encapsulation therapy in a clinical setting. CP of larger tissue units was first described for islets of The medium was changed every third day for 3.5 weeks. Langerhans by Rajotte et al. (23) in 1983, and later suc-Cryopreservation Procedure cessfully applied to encapsulated islets (22, 39) . This method was further developed and optimized by Lakey An outline of the experimental approach is provided and colleagues for industrial purposes (16-18). Alin Figure 1 . The beads were frozen following a modified though considerable focus has been directed towards the protocol based on the methods described for cryopreserpotential benefit of fast freezing and intracellular cryovation of islet of Langerhans, and stored in liquid nitroprotectants (10,15), these methods are not yet widely gen for at least 1 week before analysis (3, 4, 22, 23) . applicable due to their limitations in loading capacity Prefreeze Phase. Beads (0.5 ml) were transferred to and problems of heat conduction uniformity in large tiseach well in a 24-well plate, where the growth medium sue units. Consequently, the most widely applied CP was replaced with 0.86 ml freezing medium, consisting methods are still based on slow freezing. of a 1:1 mixture of fresh complete growth medium and In the present work we describe a successful CP of conditioned growth medium from the beads supplemented alginate-encapsulated cells secreting endostatin. The techwith 20% FBS. The beads from each well were transnique utilized is based on a combination of different ferred to a cryotube. The DMSO concentration was inmethods for CP previously described (21) (22) (23) 35) . creased in steps from 0.77 to 1.46 to 2.00 M with a 5min equilibration period between each step, to minimize MATERIALS AND METHODS osmotic stress (see Fig. 1 ). The last equilibration period Cell Culture was performed at 0°C in a programmable freezer (MRV Human embryonic kidney cells expressing the Ep-300,kryo 360-1.7 TM , Planer products, Middlesex, UK). stein-Barr virus nuclear antigen, (HEK 293 EBNA) were Freezing Phase. After completing the last incubaused. In previous protocols (25, 32) the cells have been tion, the tubes were supercooled to −7.5°C at a rate of stably transfected with the pCEP-Pu episomal vector, ex-−3°C/min and nucleated by dipping the tubes in liquid pressing endostatin (HEK 293 EBNA endo cells). All nitrogen for 1 s. The tubes were then kept at −7.5°C for cells and microcapsules were cultured in a standard tis-15 min for release of latent heat of fusion, before the sue culture incubator (5% CO 2 , 100% air humidity) uscooling proceeded at a rate of 0.25°C/min until −40°C ing Dulbecco's modified Eagle's medium supplemented was reached. At this point the tubes were plunged into with 10% fetal calf serum, 4 times the prescribed conliquid N 2 (−196°C) for extended storage. centration of nonessential amino acids, 4 mM L-gluta-Thawing and Removal of DMSO. The tubes were mine, penicillin (100 IU/ml), and streptomycin (100 µg/ transferred from the liquid N 2 storage tank to a 37°C water ml) (Bio Whittaker, Verviers, Belgium); 0.25 mg/ml of bath and kept there until the last piece of ice disap-G-418 and 500 µg/ml was added to the growth medium.
peared. The samples were then transferred to an ice Monolayers were cultured to 70% confluency in 175-cm 2 slush bath (4°C). Throughout, an overall thawing rate of culture flasks (Nunc, Roskilde, Denmark).
150°C/min was achieved.
Encapsulation Procedures
A slow stepwise dilution protocol, described by Lakey et al. (17, 18) , was applied to remove the DMSO. The cells were encapsulated in homogeneous and in-
The samples from each tube were transferred to 10-ml homogeneous alginate gels as described in detail by Visted centrifuge tubes and diluted by adding 2 ml of DMEM and colleagues (32) . The encapsulation procedure repreevery 5 min, until the overall DMSO concentration was sents a modified version of the procedure originally de-0.05 M. The supernatant was thereafter replaced with scribed by Lim and Sun (19) . Briefly, cells were mixed complete growth medium. All samples were transferred with 1.5% UP LVG alginate (FMC Biopolymer, Dramto six-well dishes and incubated for 24 h before the first men, Norway). Encapsulation was performed using an viability analyses were performed. All viability analyses electrostatic alginate bead generator (Pronova Biomediwere repeated after 1 week of culture. cal, Norway), which released the 1.5% sodium alginate/ cell suspension dropwise into a 0.1 M CaCl 2 solution.
Viability Analyses To generate homogeneous and inhomogeneous alginate capsules, 0.15 M NaCl and 0.15 M Mannitol was added
The viability of the beads after cryopreservation was assessed by four different methods. to the gelling solution, respectively. The average bead 
Quantfication of Light Emission and 3D Reconstruc-
were placed in cavity glass slides with a coverglass on top. The alginate beads were scanned one by one with tion. The alginate beads were randomly handpicked using a micropipette, and stained with a Live/Dead TM via-a CLSM with a krypton-argon laser (Leica, TCS-NT, Heidelberg, Germany), using tetramethylrhodamine bility/cytotoxicity kit (Molecular Probes, Eugene, OR). This kit is based on the activation of its green fluores-(TRITC) and fluorescein isothiocyanate (FITC) optical filters and a 16× water immersion lens. The scanning cent component, calcein AM to calcein, by ATP-dependent nonspecific esterases in living cells, and the de-stack was 166 µm thick and consisted of 137 images along the z-axis, with a resolution of 512 × 512 voxels. tection of presumably dead cells by binding of its red fluorescent component, ethidium homodimer, to nucleic
The z-axis distance between each image was equal to the voxel resolution. The PMT and laser power was kept acids. Ethidium homodimer has been described not to penetrate intact cell membranes, and hence should not constant, and the settings were adjusted and kept constant, to minimize signal overlap between the two fluo-stain the nuclei of living cells. Each sample was incubated for 30 min at 4°C and then for 15 min at room rescent markers. Each data set was further analyzed using a custom-temperature (22°C). The concentrations of calcein AM and ethidium homodimers were 2 and 8 µM, respec-made software generated with Java Advanced Imaging classes. The numbers of green and red voxels with an tively. The incubation procedure was adjusted to maximize the penetration of calcein AM into the center of intensity above 50 in each image stack were counted to determine the volume of living and dead cells, respec-the alginate beads and at the same time to minimize leakage of calcein from the cells. The tissue samples tively. The images were further analyzed for intensity distribution and amount of colocalization (yellow) be-and dissolved by adding complete growth medium with 1.5% trisodium citrate dihydrate (Merck, Darmstadt, tween the red and green fluorescent markers. The total number of green voxels was used as a parameter of cel-Germany) for 10 min. After this, the cells were centrifuged (900 rpm, 4 min) and the cell pellet was washed lular esterase activity within each bead, and the total number of red voxels as a parameter of cellular mem-in PBS. The washing was repeated two times before the cell pellet was resuspended in ice-cold 70% ethanol and brane integrity. Thus, the total number of green and red voxels determines the amount of living and dead cells, stored at 4°C for later use. Prior to flow cytometry, the samples were incubated at 37°C for 15 min with 0.5% respectively. Each data set was then processed for 3D reconstruction, in which the green, red, and colocaliza-pepsin (Sigma, St. Louis, MO) in 0.9% NaCl solution (pH 1.5). The nuclei were exposed to RNAse1 for 1 tion data were placed in an 8-bit 3D matrix of 512 × 512 × 137 voxels. 3D reconstruction software was made min, and the DNA was stained with propidium iodide (50 µg/ml, Sigma). All samples were filtered through a using Java and Visualisation Tool Kit. The 3D data sets were processed with a median filter to reduce the noise 60-µm nylon filter before analysis with a FACSort flow cytometer (Becton Dickinson, Palo Alto, CA). Gating level and reconstructed using volume rendering.
was performed from a two-parameter intensity diagram MTS Assay. Due to the novelty of the CLSM quanti-(FL2width/FL2area) to exclude doublets and triplets fication method, an MTS cell viability assay was perfrom the DNA histogram. Determinations of the cell cyformed to confirm the CLSM results. The MTS is cle distributions were performed following previously dependent on the cellular dehydrogenase activity, in published protocols (1,30). contrast to the esterase-dependent calcein. Briefly, the Celltiter 96  AQ ueous One Solution Cell Proliferation Endostatin Production. Forty beads from each type Assay (Promega, WI, USA) is a colorimetric method for of microcapsules containing 293-endo cells were incudetermining the number of viable cells in proliferation bated in 250 µl of serum-free medium (Optimem TM , assays. It contains a tetrazolium compound [3-(4,5-di-NUNC, Roskilde, Denmark) for 24 h, after washing two methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4times in PBS. Samples were harvested before cryopressulfophenyl)-2H-tetrazolium, inner salt; MTS] and an ervation, 24 h postthaw, and 1 week postthaw. The meelectron coupling reagent (phenazine ethosulfate; PES).
dium was removed and kept at −20°C for further analy-By using cellular NADH and NADPH, cellular dehydrosis. The endostatin production from the encapsulated genases reduce the former substance to a medium-solucells was measured with an endostatin-specific competible formazan product. As NADH/NADPH production is tive ELISA assay (Accucyte TM , Cytimmune, MA, USA), restricted to living cells, the production of formazan is using an ELISA plate reader as described by the protothus directly proportional to the number of living cells col provided by the manufacturer. in culture.
Statistical Analyses For each experiment, six parallels of 40 beads were handpicked under the microscope into a 96-well plate.
Statistical analyses were done using an unpaired twotailed Student's t-test. All results with a value of p < After removal of culture medium, 100 µl of a suspension of preheated culture medium with 24% Celltiter 96  0.05 were considered statistically significant. A correlation analysis was performed to test the va-AQ ueous One Solution Cell Proliferation Assay was added to each well. The plate was incubated at 37°C for 3.5 h, lidity of the novel confocal microscopy quantification technique and the MTS assay. and the absorbance, due to the production of formazan, was measured every hour at 490 nm using an ELISA RESULTS plate reader.
Confocal Microscopy and Pixel Quantification Flow Cytometry. The cell cycle distribution of the encapsulated homogeneous and inhomogeneous 293-
The beads were analyzed using CLSM to obtain morphological information about the distribution of any cry-endo cells was determined by flow cytometric DNA analysis before cryopreservation, 24 h, and 1 week after orelated injuries, and yet be able to quantify the viability more accurately than by normal light microscopy. The freezing. Microcapsules (1 ml) were washed with HBSS FACING PAGE Figure 2 . Three-dimensional reconstructions of confocal sections through cell encapsulated alginate beads: (a) homogenous beads, (b) inhomogenous beads. Cellular viability was determined by using the Molecular Probes live/dead kit (green color depicts living cells while red color represents dead cells). The amounts of living and dead cells were also quantified (lower panels) (original magnification ×150, bar = 70 µm).
fluorescence pixel quantifications and the reconstruc-(100.63 ± 5.49% and 114.07 ± 4.70%, for homogenous and inhomogeneous beads, respectively, compared with tions are shown Figure 2a and b. At 24 h postthaw, there were no significant differences in green voxel numbers the controls). The overall correlation coefficient (r) between the enzyme activity measured by the MTS assay between the frozen homogeneous and inhomogeneous beads compared with their nonfrozen controls. The num-and the confocal quantification mentioned above was calculated to r = 0.67. For the homogeneous and the in-ber of green fluorescent voxels increased significantly 1 week postthaw compared with the initial control values homogeneous beads separately r was measured to r = 0.48 and r = 0.81, respectively. for both bead types (p < 0.02 for homogeneous and p < 0.001 for inhomogeneous). The number of red fluores-In the flow cytometric analysis, the relative DNA content of the encapsulated cells was measured to deter-cent voxels prior to CP was low for both bead types ( Fig. 2a, b ), but increased significantly 24 h postthaw mine whether the increase in metabolic activity seen in the previous analyses 1 week after the CP could be ex-compared with the controls (p < 0.001). The number of red voxels in the homogeneous beads decreased after 1 plained by an increase in cellular regeneration (Fig. 4) . A shift in ploidy towards an increased fraction of cells week of culture (p < 0.05), but remained higher than the initial control values (p < 0.001). A similar decrease in in the S and G 2 /M phase was observed regardless of the CP compared with the cell cycle distribution of mono-red voxel count was not observed for the inhomogeneous beads. The discrepancy regarding the changes of layers (G 1 = 63 ± 5%; S = 18 ± 2%; G 2 /M = 19 ± 4%). Consequently, the change was revealed as a feature of green and red fluorescence may be due to differences in membrane permeability (red fluorescence) and esterase cell encapsulation rather than CP. There was an almost uniform distribution of cells in the G 1 , S, and G 2 /M activity (green fluorescence) before and after CP, and is further discussed later in this article. Some parts of the phases for both bead types, both 24 h and 1 week postthaw compared with the nonfrozen controls, which im-encapsulated cells appeared yellow as displayed in the quantification and in the 3D models (Fig. 2) . These areas plies little changes in regeneration activity as a response to any potential CP-related cell injuries. The ELISA represent voxels emitting both red and green fluorescence. At 24 h postthaw the numbers of yellow voxels quantification of endostatin production showed the production capacity of the beads, before and after CP, not increased more than 12 and 9 times the initial control value for the homogenous and the inhomogeneous beads, to be significantly affected by the CP method regardless of bead type (Fig. 5 ). The inhomogeneous beads had a respectively. The yellow voxel count of the homogeneous beads decreased after 1 week in culture, to about significantly higher overall production of recombinant protein compared with the homogeneous beads (p < 4 times the value of the control beads (p < 0.001). In contrast, the number of yellow voxels in the inhomoge-0.001) both before and after CP, even though the endostatin production from the homogeneous beads increased neous beads increased to a level significantly higher than both the initial control value and the value 24 h significantly throughout the first postthaw week (p < 0.05). postthaw (p < 0.007).
The 3D models of the viability stained encapsulated DISCUSSION cells displayed the morphological distribution of the living and dead cells within the alginate beads. In all cap-
The results presented here show that homogenous, as well as inhomogeneous, capsules containing recombi-sule types, the red voxels representing dead cells were frequently located at the periphery of the beads. Overall, nant 293 EBNA cells expressing endostatin can be successfully cryopreserved by applying the described slow most of the small cell clusters stained red and larger cellular aggregates stained green. Also, cells staining with freeze technique. Using this approach, we found no indication of excessive damage after CP, and that CP of 293 ethidium homodimer appeared at the outer margin of viable, large, cellular aggregates. The areas that expressed cells embedded in alginate beads are compatible with sustained viability and continuous production of recom-yellow fluorescence appeared in a transition zone between the living and dead cells in the cellular aggre-binant protein. This agrees well with previous publications on CP of larger tissue sections and cell aggregates gates, or in clusters of similar size and location as the smaller red clusters described.
(14, 21, 23) . The inhomogenous beads show a higher regeneration potential and overall viability compared with The MTS assay (Fig. 3) showed that the cellular dehydrogenase activity of the beads declined for both bead the homogeneous beads. One possible explanation for this may be that the alginate distribution of inhomoge-types 24 h after thawing compared with the nonfrozen microcapsules (54.11 ± 5.04% and 56.30 ± 4.28% for neous beads is concentrated towards the surface of the capsule, and hence have a less rigid interior biopolymer the homogenous and inhomogeneous endostatin-producing bead types, respectively; p < 0.001). Still, after 1 network (31) . This may increase the cells' adaptability to the stresses relayed on their membranes during the week in culture the dehydrogenase activity was regained osmotically induced volumetric response of the cells in and G 2 /M phases were observed, these were not a consequence of the CP procedure because the same character-the different phases of freezing and thawing. This has previously been shown to influence the recovery of en-istics were seen for the nonfrozen control beads. The accumulation of cells in the G 2 /M phase is more likely capsulated islets of Langerhans (8, 36) , and may also explain the differences in viability and cell growth rate to be due to a cellular response to encapsulation, as shown in Figure 4 . between homogeneous and inhomogeneous capsules previously described by us (32, 33) . It has been demon-
The convenience of CLSM quantification technique has recently been demonstrated (33) . Similar methods strated that spheroids formed and grew more vigorously in inhomogeneous beads, with an increased viability have previously been applied by others (2,9,13), although not with emphasis on quantification. The tech-compared with the standardized homogeneous beads.
The endostatin secretion from the beads appeared to nique is therefore to be considered as a novel approach for cellular viability assessment. The amount of green be less affected by CP than the measured parameters of cellular metabolism. Both the esterase activity and the fluorescence emitted by calcein is proportional to the activity of the nonspecific esterases, while the red fluo-dehydrogenase activity in the beads were substantially reduced 24 h postthaw (Fig. 2) compared with the en-rescence represents nucleic acid labeling with ethidium homodimer, as described by the manufacturer (Molecu-dostatin secretion (Fig. 5) . Transient effects of CP on specific enzyme functions have previously been reported lar Probes, Eugene, OR) (34) . Due to the relative membrane impermeability of ethidum homodimer, the total for phase 2 metabolizing enzymes of hepatocytes by Guyomard et al. (11) and Rialland et al. (27) . The en-number of red fluorescent voxels reflects the membrane integrity of the encapsulated cells, while the absolute zymes mentioned regained their activity within the first week after thawing. The reason for this specific down-number of voxels with green fluorescence reflects the cellular esterase activity. Any change in the voxel num-regulation has yet to be determined. In our case, the endostatin secretion may have priority above the physio-ber therefore correlates with changes in membrane integrity and cellular enzymatic activity. In some situa-logically regulated cell functions, due to its transcriptional origin with its own promotor region, and hence will tions, cells may retain some enzymatic activity even though their membrane is no longer selectively perme-be constitutively secreted independently of the cells' metabolic regulations to the external stresses of CP. The able (i.e., when exposed to reversible cell membrane permeants and cell fusogens such as DMSO) (38) . Such encapsulated cells also retained their ploidy characteristics after CP, as displayed in Figure 4 . Though both cells would emit both fluorescent markers and thus appear yellow in the confocal assay. Another explanation polyploidization and an accumulation of cells in the S for the appearance of the yellow pixels may be that REFERENCES some of the cells underwent apoptosis as a consequence 1. Baisch, H. Analysis of PCP data to determine the fraction of the CP. In this case, enzymatic function can be reof cells in the various phase of the cell cycle. Radiat. Environ. Biophys. 12: 31-39; 1975. tained even though membrane permeability is compro-2. Burghardt, R. Application of cellular fluorescence immised. This impression could be further substantiated by aging for in vitro toxicology testing. In: Hayes, A. W., ed. the 3D reconstructions (Fig. 2) , where most of the yel- 
